Although it has been suggested that the γ-glutamyltransferase (GGT) level is an indicator of cardiometabolic disorders, there is no previous study to evaluate the implication of GGT variability on the development of myocardial infarction (MI), stroke, all-cause mortality, and cardiovascular disease (CVD)-related mortality. GGT variability was measured as the coefficient variance (GGT-CV), standard deviation (GGT-SD), and variability independent of the mean (GGT-VIM). Using the population-based Korean National Health Insurance Service-Health Screening Cohort, we followed 158,736 Korean adults over a median duration of 8.4 years. In multivariable Cox proportional hazard analysis, the risk of mortality, MI, and stroke showed a stepwise increase according to the quartiles of GGT-CV, GGT-SD or GGT-VIM. In the highest quartile of GGT-CV compared to the lowest quartile after adjusting for confounding variables including mean GGT, the hazard ratios (HRs) for incident MI, stroke, mortality, and CVD-related mortality were 1.19 (95% confidence interval (CI), 1.06-1.34; p < 0.001), 1.20 (95% CI, 1.10-1.32; p < 0.001), 1.41 (95% CI, 1.33-1.51; p < 0.001), and 1.52 (95% CI, 1.30-1.78; p < 0.001), respectively, which were similar or even higher compared with those associated with total cholesterol variability. This is the first study to demonstrate that high GGT variability is associated with increased risk of MI, stroke, all-cause mortality, and CVD-related mortality in the general population.
Introduction
Recent studies have reported that the variability of cardiometabolic risk factors such as blood pressure [1, 2] , glucose [3] [4] [5] [6] , and cholesterol [7] is independently associated with the development of cardiovascular diseases (CVDs) or mortality. Hsieh et al. demonstrated that the visit-to-visit variability of blood pressure independently predicted all-cause mortality in patients with type 2 diabetes [1] . Furthermore, systolic blood pressure variability was positively related with risks of major macrovascular events, including myocardial infarction (MI), stroke, or cardiovascular death, in the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified-Release Controlled Evaluation (ADVANCE) trial [2] . Using data from the ADVANCE trial, Hirakawa et al. found that visit-to-visit variability in HbA1c and fasting glucose was strongly associated with vascular events in type 2 diabetes [6] . Bangalore et al. demonstrated that greater low-density lipoprotein-cholesterol (LDL-C) variability was a strong predictor of MI, stroke, and death, independent of statin dose and achieved LDL-C levels in the Treating-to-New-Targets (TNT) trial [8] . Kim et al. recently reported that high visit-to-visit variability in cholesterol levels is associated with the risk of mortality, MI, and stroke in the general population, using the Korean National Insurance System cohort [7] .
γ-glutamyltransferase (GGT) has been established not only as an indicator of potential liver disease but also as a biomarker of CVD outcomes [9] . Additionally, it has been suggested that an elevated GGT level is linked to an increased risk of various diseases, including type 2 diabetes, metabolic syndrome, and mortality [10] [11] [12] . Longitudinal studies have reported that increased GGT levels are associated with an increased risk of mortality with/without ischemic heart disease [13, 14] . Recently, we reported that liver enzymes, especially GGT, are strong predictors for the risk of 1-year mortality after MI or stroke as well as for the long-term risk of MI, stroke, and mortality in the Korean population [15] .
However, to the best of our knowledge, no studies have reported the relationship between long-term GGT variability with mortality and CVD. In the present study, we examined the association between visit-to-visit GGT variability and the incidence of mortality, MI, and stroke using the longitudinal National Health Insurance Service-National Health Screening Cohort (NHIS-HEALS) database.
Experimental Section

Study Participants
The NHIS in Korea is a government-operated mandatory social health insurance program that covers almost the entire (approximately 98%) Korean population recommended to undergo a standardized health examination biannually [16, 17] . The NHIS consists of an eligibility database (e.g., age, sex, and socioeconomic variables), a health examination database (questionnaires on health-related behavioral variables and results of laboratory measurements), and a medical history database (diagnosis, medication, admission, and death). Anthropometric and laboratory measurements were examined after an overnight fast, and quality control procedures were checked by the Korean Association of Laboratory Quality Control. The NHIS-HEALS database was used to randomly select approximately 10% of the entire participants within the NHIS database, who were aged from 40 to 79 years. This study was conducted using the participant data of those who had undergone the national health examination in 2007 (index year), and three or more health examinations from 1 January 2002 to 31 December 2007. After excluding individuals who had missing data for at least one variable and those who had a previous diagnosis of MI, stroke, and liver disease prior to 2007, a total of 158,736 individuals were finally included in the analysis (Figure 1 ). These protocols were approved by the NHIS review committee and the Korea University institutional review board (IRB) approved the study protocol in accordance with the Declaration of Helsinki of the World Medical Association (approval number: KUGH16118-001). Informed consent was waived because anonymous and de-identified information was used for analysis. 
Measurements and Definitions
Body mass index (BMI) was calculated as weight in kilograms (kg) divided by the square of height in meters (meters 2 ). Smoking status and information concerning alcohol consumption were obtained from a questionnaire undertaken during the health examination. Regular exercise was defined as strenuous physical activity for at least 20 min and ≥5 times/week. Income levels were dichotomized at the lower 10%. The presence of diabetes was defined based on the criteria of a fasting glucose level ≥7.0 mmol/L or the presence of at least one claim per year for the prescription of antidiabetic medication under the International Classification of Diseases, Tenth Revision (ICD-10) codes (E10-E14). The presence of hypertension was defined based on the criteria of systolic/diastolic blood pressure ≥140/90 mmHg or the presence of at least one claim per year for the prescription of an antihypertensive agent under ICD-10 codes (I10-I15). The presence of dyslipidemia was defined based on the criteria of total cholesterol ≥6.2 mmol/L or the presence of at least one claim per year for the prescription of an antihyperlipidemic agent under ICD-10 codes (E78). Liver diseases were defined based on ICD-10 codes, such as malignant neoplasm of the liver and intrahepatic bile ducts (C22), fibrosis and cirrhosis of the liver (K74), and chronic viral hepatitis (B18).
Definition of GGT Variability
GGT variability was determined from at least three measurements of GGT values withinparticipant on health examinations: 3 measurements (n = 79,986, 50.4%), 4 measurements (n = 17,178, 10.8%), 5 measurements (n = 22,934, 14.4%), and 6 measurements (n = 38,638, 24.3%). For descriptive GGT variability, we used three indices of variability, namely, coefficient of variation (GGT-CV), standard deviation (GGT-SD), and variability independent of the mean (GGT-VIM). The CV was defined as the SD divided by the mean (SD/mean) × 100 (%) and VIM was defined as 100× SD/Meanβ, where β is the regression coefficient, based on the natural logarithm of the SD divided by the natural logarithm of the mean.
Study Outcomes
We examined newly occurred MI, stroke, all-cause mortality, and CVD-related mortality as primary outcomes from 1 January 2008 to 31 December 2015. Diagnosis of MI was defined using the International Classification of Diseases, Tenth Revision (ICD-10) codes (I21-I22) during 
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Study Outcomes
We examined newly occurred MI, stroke, all-cause mortality, and CVD-related mortality as primary outcomes from 1 January 2008 to 31 December 2015. Diagnosis of MI was defined using the International Classification of Diseases, Tenth Revision (ICD-10) codes (I21-I22) during hospitalisation, or these codes having been recorded at least twice. Diagnosis of stroke was based on ICD-10 codes (I63-I64) on admission records and using computed tomography or magnetic resonance imaging claim data. All-cause mortality and CVD-related mortality (ICD 10 codes: I10~I99) were obtained from government databases.
Statistical Analysis
Baseline characteristics are presented as the means ± standard deviations for continuous variables or percentages for categorical variables. Participants were classified into four groups according to the GGT variability quartile. Differences between groups were identified using the analysis of variance (ANOVA) for continuous variables or the χ 2 -test for categorical variables. Kaplan-Meier curves for disease-free probability for MI and stroke and survival were obtained for the four groups which were classified and expressed as the quartiles of GGT variability. Hazard ratios (HRs) and 95% confidence interval (CI) values for mortality or cardiovascular diseases were analyzed using Cox proportional hazards models for quartile groups of GGT variability, adjusted for age, sex, BMI, alcohol consumption, smoking, regular exercise, income, diabetes mellitus, hypertension, dyslipidemia, and mean GGT. We tested the assumption of the proportionality of hazards using the numerical method proposed by Lin et al., derived from cumulative sums of martingale-based residuals [18] . We found no evidence of violating the proportional hazards assumption. All statistical results were analyzed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and a p value < 0.05 was assumed to indicate statistical significance. All statistical analyses were performed by an experienced professional statistician, who was also one of authors. Table 1 shows the baseline characteristics of the study participants according to the quartiles of CV for GGT variability. Higher quartile groups of GGT variability comprised a higher prevalence of current smokers and consumers of alcohol than the lower quartile group. Moreover, the prevalence of metabolic disease factors, such as hypertension, diabetes mellitus, and dyslipidemia, also increased incrementally according to the quartiles of GGT variability. Systolic blood pressure, diastolic blood pressure, and fasting glucose level also increased in the higher quartile groups of GGT variability. Similar relationships of baseline characteristics are shown according to the quartiles of GGT-SD (Table S1 ) and GGT-VIM (Table S2) .
Results
Baseline Characteristics of the Study Population
Implications of GGT Variability with All-Cause Mortality, MI, and Stroke
Kaplan-Meier curves for MI, stroke, all-cause mortality, and CVD-related mortality showed that disease-free and survival probability gradually decreased according to the higher quartiles of GGT variability, measured as GGT-CV (Figure 2 ). Using Cox proportional hazard models, a gradually higher risk of MI, stroke, all-cause mortality, and CVD-related mortality was observed for the higher quartiles of GGT-CV than for the lowest quartile group in all models (Table 2 and Figure S1 ). In GGT variability as measured using CV, the HRs for incident MI, stroke, all-cause mortality, and CVD-related mortality were 1.19 (95% CI, 1.06-1.34; p < 0.001), 1.20 (95% CI, 1.10-1.32; p < 0.001), 1.41 (95% CI, 1.33-1.51; p < 0.001), and 1.52 (95% CI, 1.30-1.78; p < 0.001), respectively, in the highest quartile of the GGT variability group, compared to the lowest quartile group after adjusting for multi-variables and mean GGT. In total cholesterol variability as measured using CV, HRs for incident MI, stroke, all-cause mortality, and CVD-related mortality were 1.22 (95% CI, 1.08-1.37; p = 0.003), 1.12 (95% CI, 1.02-1.23; p = 0.020), 1.28 (95% CI, 1.20-1.37; p < 0.001), and 1.22 (95% CI, 1.05-1.42; p = 0.022), respectively, in the highest quartile of the total cholesterol variability group, compared to the lowest quartile group after adjusting for multi-variables and mean total cholesterol (Table 2 and Figure S1 ). Moreover, GGT variability with SD or VIM was also identified as a meaningful predictor of mortality or CVD, even after confounding factors adjustment (Table 3 and Figure S2 ). p value using ANOVA and Chi-square tests. Data are expressed as mean ± SD, or n (%). GGT, γ-glutamyltransferase; N, number; Q, quartile; BP, blood pressure; CV, coefficient of variation. Table 2 . Hazard ratios and 95% confidence intervals for myocardial infarction, stroke, all-cause mortality, and cardiovascular disease-related mortality by quartiles of γ-glutamyltransferase (GGT) variability (coefficient of variation) and total cholesterol variability (coefficient of variation). 
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Discussion
In this large-scale cohort study with a long-term follow-up, we identified a positive association of visit-to-visit GGT variability with MI, stroke, all-cause mortality, CVD-related mortality in the younger Korean population. There was a linear relationship between GGT variability and outcome variables even after adjusting for possible confounding factors including the mean GGT level.
Several studies have documented the link between GGT and the risk of CVD and mortality. In the Framingham Study cohort that included 3451 participants, increased GGT levels were related to high risks of developing metabolic syndrome, CVD, and mortality, respectively [19] . A one-SD elevation of log-GGT increased the risk of new-onset metabolic syndrome by 26% within 20 years, increased the risk of CVD by 13%, and the risk of mortality by 26%, after adjusting for multiple variables [19] . In a prospective study of 7613 British men, GGT levels were strongly associated with all-cause mortality and death from ischemic heart disease, especially in participants with pre-existing ischemic heart disease [13] . In another study of 163,944 Austrian adults, serum GGT was independently correlated with CVD-related mortality [14] . In a meta-analysis study, Fraser et al. reported that a high GGT level was significantly associated with increased incident stroke and/or coronary heart disease [20] . Previously, we reported that serum GGT levels showed a positive linear association with MI, stroke, and all-cause mortality even after adjusting for confounding factors using the longitudinal NHIS database [15] . Interestingly, we observed that increased GGT levels were significantly related to a higher risk of 1-year mortality after an incident MI or stroke [15] .
Despite numerous epidemiologic studies on the prevenient meaning of baseline GGT for adverse outcomes, few studies have reported on the longitudinal changes of GGT. In a study of middle-aged adults, Andre et al. demonstrated that an increased change in GGT levels over 3 years correlated with incident type 2 diabetes mellitus, as well as enhanced insulin resistance and increased factors of metabolic syndrome including blood pressure, triglycerides, fasting glucose, and central obesity [21] . Furthermore, one recent study reported that an increased change in GGT, even though GGT remained within the normal range, was an independent predictor of incident metabolic syndrome in middle-aged and elderly Koreans [22] . Strasak et al. demonstrated that a longitudinal increase in GGT was significantly associated with the risk of CVD mortality and all-cause mortality for a median of 10.2 years follow-up [23] . In males, an increment of GGT over 9.2 U/L in 7 years increased the risk of CVD-related mortality by 40% compared with stable GGT [23] . However, since a study by Strasak et al. started in 1985 in one province/territory of Austria, it may not sufficiently reflect the current medical environment and therapy. Furthermore, most previous studies reported the cardiometabolic disorders as surrogate markers for CVD and mortality, and all these reports showed an association between an increase in GGT levels and outcome variables. To the best of our knowledge, the association between GGT variability and incident MI, stroke, mortality, and CVD-related mortality has not previously been analyzed. In our study that comprised a nationwide population, multivariable Cox proportional hazard analyses demonstrated that visit-to-visit GGT variability was independently associated with the risk of CVD, all-cause mortality, and CVD-related mortality after adjusting for confounding factors. Recently, Kim et al. have shown that an increased risk of mortality, MI, and stroke was observed in the higher quartiles of total cholesterol variability compared with the lowest quartile in the Korean NHIS data [7] . The present study confirmed the increased HRs of mortality and CVD across the quartiles of total cholesterol variability. Interestingly, HRs of mortality and CVD across the quartiles of GGT variability were similar or even higher compared with those across the quartiles of total cholesterol variability in the same target population. This result suggests that GGT variability may be an important risk factor for mortality, CVD-related mortality, and CVD, and at least as important as total cholesterol variability within the general population.
There are still no conclusions about the association between alcohol consumption and risk of CVD events, because alcohol consumption is linked to complex mechanisms of beneficial and harmful effects [24, 25] . Moderate alcohol consumption has been regarded as part of a healthy lifestyle in several studies [26] [27] [28] and a recent meta-analysis study showed that low or moderate alcohol consumption was related with a reduced risk of CVD [29] . However, high alcohol consumption might be considered as an increased risk for CVD [28] and mortality [27] . In the baseline characteristics, GGT variability was positively associated with the prevalence of alcohol consumption, so we adjusted for baseline alcohol consumption to evaluate the relationship between GGT variability and CVD events (or mortality).
There are several pathophysiological mechanisms regarding the effect of GGT on CVD outcomes. GGT has been suggested as a marker of pro-inflammatory actions and oxidative stress [30, 31] . GGT has a catabolic action in the degradation of the antioxidant glutathione [30] . Additionally, GGT indirectly affects LDL-C oxidation in the presence of free iron [31] . The pathogenic role of oxidized LDL-C leads to aggravating plaque progression and rupture [31] . Oxidized LDL-C fluctuation, mediated through GGT variation, may contribute to exacerbating the instability of atherosclerotic plaque and induce plaque rupture. Another possibility is that participants with increased GGT variability could be accompanied with multiple comorbidities. However, our study showed a consistent relationship between GGT variability and adverse outcomes, even after adjusting for various confounding factors including conventional risk parameters and cardiometabolic disorders, which were identified using medication and medical records used as claims by physicians. The mechanism of GGT variability on cardiovascular outcomes and mortality has not been clearly elucidated and further research is needed to interpret this relationship. In cases of glucose variability, previous studies have shown that fluctuations in blood glucose levels had a greater effect on inflammatory cytokines, oxidative stress, and endothelial dysfunction than sustained hyperglycemia [32, 33] .
Our study has several limitations. First, even though we attempted to adjust for multiple covariates that influence mortality and/or CVD using multivariate analyses, residual or unmeasured confounding factors, such as kidney function, abdominal obesity, the amount of alcohol consumption, and the dietary patterns, remained. Second, despite excluding patients with medical diagnoses and treatment for liver disease including hepatobiliary malignancy, fibrosis and cirrhosis of liver, and viral hepatitis based on the insurance claim data, some potential confounding effects for GGT variability such as rare etiologies of liver disease, ongoing treatment, and severity of other diseases may have been included. Third, because of the inherent limitations of the observational study design, we could not determine whether a causal relationship existed between GGT variability and mortality or CVD. However, the present study also has notable strengths. The present study involved a large credible database, standardized and validated by the Korean government, with detailed information concerning medications and medical diagnosis data. Moreover, the median follow-up period of 8.4 years in this study is considered to be sufficient to assess the risk of mortality and CVD in the general population setting. Additionally, we calculated three different indicators of GGT-CV, GGT-SD, and GGT-VIM to represent the variability of GGT, and the relationships were similar and coherent.
Conclusions
This is the first study to show that visit-to-visit GGT variability is independently associated with the long-term risk of mortality and/or CVD after adjusting for established CVD risk factors including mean GGT. Because the measurements of GGT are sensitive, inexpensive, and standardized, GGT variability might be used as one predictor to stratify the risk of mortality and/or CVD. Further study is needed to replicate these findings in other ethnic groups and to reveal the mechanism of GGT variability in the pathogenesis of mortality and CVD.
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